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ABSTRACT
We compare galaxy morphology predicted by the Illustris hydrodynamical simulation and a
semi-analytic model (SAM) grafted in the halo merger trees from the Illustris-Dark Matter
simulation. Morphology is classified according to the luminous profile and the kinematic
bulge-to-total ratio for Illustris galaxy, and the bulge-to-total stellar mass ratio for SAM
galaxy. For late-type galaxies in the Illustris catalogue, most of their counterparts in the SAM
model have the same type, and the consistency between two models is higher for lower mass
galaxies. For early-type galaxies in Illustris, the consistency is quite low for the counter-
parts except for most massive galaxies. By comparing in detail the growth histories of some
matched galaxy pairs of Milky Way-mass in Illustris and the SAM model, we notice two
aspects of differences in determining galaxy morphology between the two galaxy formation
implementations. Firstly, in the SAM, major merger and frequent minor mergers result in the
growth of bulges and turn the galaxy into early type, while bulge formation is not connected
to mergers as tightly as in SAM for the Illustris galaxies. In addition, the satellite stellar mass
can decrease significantly due to tidal stripping before merging into the central galaxy in Il-
lustris, while it does not decrease in the SAM model. This results in less mergers with large
(stellar) mass ratios in the Illustris simulation, and less effect of mergers on shaping galaxy
morphology.
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1 INTRODUCTION
In the current standard galaxy formation scenario, galaxies re-
side and form in dark matter haloes(White & Rees 1978). The
formation and evolution of galaxies involves complicated phys-
ical processes, including gas cooling, star formation and stel-
lar feedback, mergers, black hole growth and active galactic
nuclei(AGN) feedback(White & Frenk 1991; Croton et al. 2006;
Dayal & Ferrara 2018). The degeneracy of these physical processes
in determining the final galaxy properties makes it hard to constrain
the contribution from each process directly and independently. To
study and model the overall galaxy formation and evolution in a
cosmological context following these detailed physical processes,
two main methods have been employed: semi-analytic galaxy for-
mation models which model luminous galaxies based on dark mat-
ter merging tree by implementing empirical formulas describing the
physical processes of baryons (White & Frenk 1991; Baugh 2006),
⋆ Email: wanglan@bao.ac.cn
and the hydrodynamical simulations that solve the dynamics of gas
and stellar particles directly (Katz et al. 1996; Springel 2005).
Hydrodynamical simulations have the advantage to be able to
study the physical processes in more detail than the semi-analytical
method, while the latter requires less computational cost and there-
fore is more flexible in tuning and testing model parameters. Nev-
ertheless, both approaches are able to reproduce many statistics of
galaxy properties at low and high redshifts. While it has been dif-
ficult for a long time for hydrodynamical simulations to reproduce
galaxy morphology, especially the disk fraction and disk sizes of
real galaxies, the most recent improvements have been achieved to
be able to produce Milky Way disks with reasonable size with hy-
drodynamical simulations (Vogelsberger et al. 2014a; Schaye et al.
2015). Disk sizes are also studied in more detail recently in semi-
analytic models (Guo et al. 2011; Gonzalez-Perez et al. 2014). The
most recent comparisons indicate that galaxies have different
stellar mass-size relations in the two models (Guo et al. 2016;
Mitchell et al. 2018).
It is interesting to see whether the two methods can give
in general consistent predictions on galaxy morphology such as
c© 2018 The Authors
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disk/elliptical fractions. In semi-analytic models, since baryons are
assumed to follow dark matter tightly, for a galaxy, once its mor-
phology is initialized according to the properties of its progenitor
halo at early time, its following evolution is closely related to the
assembly history of its host dark matter halo. For example, mergers
play an important role in transforming disk galaxies into bulge-
dominant ones, with major mergers turning galaxies into ellipticals
and minor mergers responsible for the growth of bulge component.
In hydrodynamical simulations, on the other hand, the morphol-
ogy of a galaxy is a consequence of dynamical processes of inter-
nal star particles, which is not necessarily related to the assembly
of the host dark matter halo. In this study, we use the state-of-art
hydrodynamical simulation Illustris (Vogelsberger et al. 2014a,b;
Genel et al. 2014; Sijacki et al. 2015; Nelson et al. 2015), and a
semi-analytic model result to compare galaxy morphology pre-
dicted by the two models. The latter is produced by applying
Guo et al. (2011) semi-analytic model to the Illustris Dark matter
simulation, which is a dark matter-only simulation with exactly the
same initial conditions and cosmological parameter set as those of
Illustris hydrosimulation. By doing this, we are able to match galax-
ies one-to-one in the two models and compare their morphologies
case by case, to investigate whether the two models are consistent
in producing galaxy morphology.
This paper is organised as follows. Section 2 introduces the
simulations and semi-analytic model used in this study, and how
we determine morphology type of galaxies in the two methods.
In section 3 we first introduce how we match galaxies between
the hydro-simulation and semi-analytic results, then we compare
the morphologies of the matched galaxies predicted by two models
statistically. Section 4 presents a specific example of galaxy merger
trees, to compare morphology evolution in the two models in detail.
Discussions and conclusions are presented in section 5.
2 MORPHOLOGY DETERMINATION IN ILLUSTRIS
AND THE SAM MODEL
2.1 Illustris and Illustris-Dark simulations
The Illustris project (Vogelsberger et al. 2014a) comprises a se-
ries of cosmological hydrodynamical simulations of galaxy forma-
tion, with a volume of (106.5Mpc)3 but with different mass reso-
lutions. For the highest-resolution run used in this study, it evolves
18203 dark matter and gas particles, with the mass resolution of
dark matter particle to be 6.26 × 106M⊙, and the initial baryonic
mass resolution of 1.26 × 106M⊙, respectively. Gravitational dy-
namics is resolved down to a physical scale of 710 pc. The Illustris
simulations take into account various baryonic processes including
gas cooling, stellar evolution and feedback, chemical enrichment,
black hole growth and feedback from active galactic nuclei, and
successfully reproduce many fundamental properties of observed
galaxies, including producing various galaxy morphologies, with
consistent stellar and baryonic Tully - Fisher relation as observed
(Vogelsberger et al. 2014a).
Each Illustris hydrodynamical simulation has a matched dark
matter-only run performed with the same set of parameters and
initial conditions. For the matched dark matter-only simulation,
it evolves 18203 dark matter particles with a mass resolution of
7.5× 106M⊙. Hereafter, we refer the hydrodynamical run we use as
Illustris, and the pure dark matter one as Illustris-Dark.
For both hydro- and dark matter-only simulations, a
friends-of-friends (FOF) algorithm (Davis et al. 1985) is used
to identify dark matter haloes with a minimum particle num-
ber of 32. Subhaloes are then identified using the SUBFIND
algorithm(Springel et al. 2001; Dolag et al. 2009). For the hydro-
simulation, other types of particles such as stellar, gas and black
hole particles are attached to the FOF haloes in a secondary link-
ing stage (Dolag et al. 2009), and galaxies are associated with sub-
haloes.
Based on the subhalo catalogue, L-HaloTree (as used for
the Millennium simulation, Springel et al. 2005) and SubLink
(Rodriguez-Gomez et al. 2015) codes are applied to the Illustris-
dark and the Illustris hydro simulation to construct merging trees.
2.2 Morphology determination of the Illustris galaxies
There are two main methods to classify morphologies of galaxies
in observation and in simulations. One is based on the luminous
profile of a galaxy and the other relies on its kinematic feature. In
this paper, we use both methods to define morphology types for the
Illustris galaxies. Below we give a brief summary of each method.
A detailed comparison between the outcomes of the two methods
is presented in section 3.
The luminous profiles of Illustris galaxies have been studied
in Xu et al. (2017). In their work, the morphology type of a galaxy
in a given projection is decided according to the radial surface
brightness distribution in the projection. If it is better fitted by a de
Voucauleurs profile, the galaxy is classified as an early-type (ET)
galaxy; if it is better fitted by an exponential profile, the galaxy is
classified as a late-type (LT) galaxy in that projection. For a given
galaxy, the type decisions are made in all three different projections
along the principal axes of the simulation box. The final light-based
morphology type of the galaxy is determined to be the decision that
are reached in ≥ 2 projections.
An alternative definition of morphology type is based on kine-
matics of galaxies. For Illustris galaxies, Genel et al. (2015) pro-
vided the kinematic bulge-to-total ratios (B/T )kin, defined by two
times the fractional mass of stars with circularity parameter less
than 0, which is commonly used in the literature to define the bulge
fraction of a galaxy (Binney & Tremaine 1987). Following the di-
vider adopted by Teklu et al. (2015), in this study, we define galax-
ies with (B/T )kin < 0.6 to be kinematics-based late-type and those
with (B/T )kin > 0.6 to be kinematics-based early-type.
2.3 Semi-analytic model and morphology determination
In this study, we apply the semi-analytic model of Guo et al.
(2011) to the dark matter merger tree constructed using L-HaloTree
(Springel et al. 2005) of Illustris-Dark, to predict galaxy morphol-
ogy. The model of Guo et al. (2011) is based on a series of semi-
analytic models developed by the Munich group (Kauffmann et al.
1993; Croton et al. 2006; De Lucia & Blaizot 2007) with substan-
tial updates and additions on the modeling of supernovae feedback
and sizes of galactic disks. In Guo et al. (2011), three modes of
bulge growth are included: major mergers, minor mergers and disc
instability. After a major merger, all the existent and the newly
formed stars are assumed to end up in a spheroidal component,
forming an elliptical galaxy. When a minor merger occurs, a bulge
grows by acquiring all the pre-existing stars from the minor pro-
genitor, but the disc of the larger progenitor remains intact and the
newly formed stars are added to the disc. The contribution of disk
instability to bulge growth is relatively small in this model.
For galaxies in the semi-analytic output, while it is not
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straightforward to obtain the photometrically based or kinemati-
cally based galaxy types as for the Illustris galaxies, we use the
bulge-to-total stellar mass ratio (B/T )SAM to define galaxy mor-
phology. The earlier a galaxy type is, the larger (B/T )SAM it has.
Minor mergers make the bulge stellar mass grow gradually, while
major mergers can destroy the pre-existing disk completely and
form an elliptical galaxy with (B/T )SAM = 1. To define late and
early type galaxies in the semi-analytic model results, we also use
a value of 0.6 as the divider, the same as that used for the Illus-
tris galaxies when their morphology types are kinematically deter-
mined. As can be seen later in section 3.2 and Fig. 2, there are few
galaxies with (B/T )SAM in the range of 0.5 to 0.8. Therefore the
result presented in the following would remain similar if changing
the divider value within this range.
3 MORPHOLOGY COMPARISONS
3.1 Matching galaxies in the two models
In order to make detailed comparison of galaxy morphology in
the two galaxy formation models, we have performed one-to-one
matching of the Illustris and the SAM galaxies according to their
positions and their parent halo masses. In the SAM model, the po-
sition of a galaxy is associated with its parent dark matter halo,
while for the full-physics Illustris simulation, due to the impact
from baryonic processes, the exact position of the match halo can
be different from those in the Illustris-Dark simulation and hence
the galaxies in the SAM results. To select the genuine matched
haloes/galaxies pairs, we match central galaxies in the two model
outputs by requiring that the matched galaxies have similar posi-
tions with deviation less than 0.1h−1Mpc, and that their parent dark
matter halo masses differ by less than 50 per cent. We set this limi-
tation to identify genuine matched pairs, but may not single out all
the potential matched galaxies.
In the following, we compare galaxy morphology defined by
different methods in the Illustris and the SAM, for the matched
galaxy pairs we identified. We focus on galaxy pairs with central
stellar masses larger than 1010M⊙ in the Illustris simulation. The
central stellar mass is taken from the Illustris PMSD catalogue
provided by Xu et al. (2017), which is defined as the stellar mass
within a radius of 30kpc from the galaxy center defined as the po-
sition of the lowest gravitational potential of its host. This central
stellar mass closely represents the mass of the tightly-bound galaxy
component, and therefore is used throughout the paper when se-
lecting galaxies by mass. A lower limit of central stellar mass of
1010M⊙ corresponds to 10,000 stellar particles in the tightly-bound
galaxy components.
In the following analysis, to investigate the dependence of
galaxy morphology type on galaxy mass, the matched galaxy sam-
ple is further divided into three subsamples. While the stellar
masses of the matched galaxy pair have some difference in Illustris
and in the SAM model, we divide galaxies into three subsamples
according to their central stellar mass in the Illustris simulation: (1)
the Milky Way-mass galaxies (MW) with central stellar masses in
the range of 4 − 8 × 1010M⊙; (2) less massive galaxies (Less) with
central stellar masses of 1−4×1010M⊙; and (3) more massive galax-
ies (Massive) with central stellar masses greater than 8 × 1010M⊙.
Table 1. For the matched galaxy pairs in the Illustris and the SAM cat-
alogues, percentiles of galaxy morphology type in Illustris as defined by
Xu et al. (2017) and Genel et al. (2015), and in the SAMmodel, in the three
stellar mass bins considered.
Mass bin light-based type kinematics-based type SAM type
Xu et al. (2017) Genel et al. (2015) this work
LT ET LT ET LT ET
Less 98.3 1.7 70.9 29.1 91.9 8.1
MW 85.0 15.0 76.6 23.4 81.9 18.1
Massive 45.1 54.9 62.6 37.4 52.3 47.7
3.2 Morphology comparison
Table 1 lists the fractions of late-type (LT) and early-type (ET)
galaxies derived using different methods for the matched galax-
ies, in the three central stellar mass bins. Disagreements on galaxy
types exist to various degrees not only for individual galaxy but
also on a statistic level, between the two different methods defining
morphology type in the Illustris, and between the hydro-simulation
and the SAM results. Below we present more detailed compar-
isons between results from the light-based and the kinematics-
based type determinations of the Illustris hydro-simulation itself
(Section 3.2.1) and those between results of Illustris and of the
SAM output (Section 3.2.2).
3.2.1 Comparison between the light-based and the
kinematics-based type determinations
Table 1 shows that galaxy morphology is not exactly consistent be-
tween the light-based and kinematics-based type determinations
for the Illustris galaxies, and the degree of inconsistence seems
to depend on galaxy stellar mass. For galaxies in the “Less” and
“MW” mass bins, the fractions of light-based LT (ET) galaxies
are significantly higher (lower) than those of the kinematics-based
counterparts. Such findings are consistent with the recent study of
Bottrell et al. (2017, Figure 7), which found that at lower masses,
the photometrically defined bulge fraction is systematically lower
than the one defined using kinematic decomposition.
For galaxies in the “Massive” bin, the fraction of LT galaxies
according to the light-based type definition is lower than that using
kinematics-based type definition. A good fraction of galaxies that
still maintain strong rotation features (and thus less random motion
in bulge) have also established de Voucauleurs light distribution.
Fig. 1 presents, for the matched galaxies in the Illustris, the
probability distributions of (B/T )kin from Genel et al. (2015) for
the light-based LT (left panel) and ET (right panel) galaxies as
determined by Xu et al. (2017). Green, red and blue lines are re-
sults for the “Less”, “MW” and “Massive” samples, respectively.
In all stellar mass bins, there are galaxies that are light-based LT,
with exponential light profile, but are kinematically random motion
dominated. There are also galaxies in all stellar mass bins that are
light-based ET, preferring a de Voucauleurs light profile, but are
kinematically dominated by co-rotating motions.
Nevertheless, in general the type determinations are largely
consistent between the two methods. For galaxies in the “Less”,
“MW” and “Massive” stellar mass bins, the fraction of galaxies
with the same morphology types is 72, 82 and 88 for the light-based
LT galaxies, respectively. For the light-based ET, the fractions are
are 76, 54 and 59 percents, respectively.
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Figure 1. For the matched galaxies in Illustris, the distributions of (B/T )kin from Genel et al. (2015) for the light-based LT (left panel) and ET (right panel)
galaxies determined in Xu et al. (2017) (normalized such that the area below the curve is equal to 1). Galaxies in three bins of central stellar masses are
presented: red lines are results for the Milky Way-mass galaxies with central stellar mass in the range of 4 − 8 × 1010M⊙; green lines are for less massive
galaxies (1− 4× 1010M⊙) while blue lines are for more massive ones (> 8× 10
10M⊙). Dotted vertical lines show the value of (B/T )kin = 0.6, which is used to
define kinematics-based LT and ET galaxies. In the left panel, for the light-based LT galaxies, the fractions of kinematics-based LT galaxies with (B/T )kin < 0.6
in different mass bins are shown by numbers in color. In the right panel, for the light-based ET galaxies, numbers give the fractions of kinematics-based ET
galaxies in the three mass bins.
3.2.2 Comparisons between the hydro-simulation and the SAM
outputs
Fig. 2 shows the comparison of bulge-to-total ratios in the SAM
model and in the Illustris provided by Genel et al. (2015). The up-
per left panel presents the one-to-one comparison for all matched
galaxies in the three mass bins. The bottom and the right panel
display the distributions of B/T of the SAM result and of the Illus-
tris result, respectively. As can be seen, the B/T distributions are
clearly different between the two: the kinematic ratios (B/T )kin of
the hydro-simulation galaxies follow a broad distribution between 0
and 1, while the (B/T )S AM distribution shows a much more promi-
nent bimodality with peaks around 0. In addition, there are very
few galaxies with B/T between 0.5 ∼ 0.8 for the Illustris galaxies.
This indicates that galaxy morphology type transformation
takes place much more gradually in the hydrodynamic simulation
than in the SAM. This is because of the treatment of elliptical
galaxy formation in SAM where galaxies turn their morphologies
from disk- to bulge-dominant systems immediately after a major
merger. In both cases, massive galaxies have a larger fraction of
B/T > 0.8 than low-mass galaxies. For the SAM result, the frac-
tion of galaxies with B/T < 0.2 also strongly depends on galaxy
masses, with less massive galaxies having higher fraction of low
B/T .
In the upper left panel of Fig. 2, vertical and horizontal dot-
ted lines mark the value of B/T = 0.6, which separate LT and ET
galaxies in the two models. In each of the four rectangle regions
divided by the two dotted lines, numbers in different colors are the
numbers of galaxies included in each region in three mass bins. For
example, for the MW mass bin, the number of galaxies that are
kinematics-based LT in Illustris, while LT(ET) in SAM is 459(71)
shown in red. Therefore, the bottom left rectangle includes galax-
ies that are consistently LT, while the upper right rectangle includes
Table 2. For Illustris galaxies with a light-based or a kinematics-based
morphology type, the percentile fractions of the matched galaxies in SAM
that have a consistent type determination in different stellar mass bins.
Type Mass bin light-based kinematics-based
Xu et al. (2017) Genel et al. (2015)
LT Less 92.2 92.5
MW 84.4 86.6
Massive 70.3 64.9
ET Less 20.4 9.4
MW 31.7 33.3
Massive 62.4 68.6
galaxies that are both ET in the two models. Galaxies in the other
two regions have inconsistent types. In the following, we will show
in more detail for Illustris galaxies of a given type, the distribu-
tions of (B/T )S AM of the matched galaxies, and list the fractions of
matched galaxies that have consistent type determination in SAM
in different mass bins.
In Fig. 3, for the Illustris galaxies of a given morphology type,
we plot the distributions of (B/T )SAM of their SAM counterparts.
Upper panels show the results for the light-based Illustris LT (up-
per left panel) and ET galaxies (upper right panel). Lower panels
are the results when the types of Illustris galaxies are determined
kinematically. Although as shown in the section 3.2.1, the morphol-
ogy types of the Illustris galaxies are not exactly consistent when
defined with light-based and kinematics-based methods, the overall
distributions of (B/T )SAM shown in Fig. 3 are very similar, suggest-
ing that above results are largely independent on the definition of
the morphology type in the Illustris simulation.
MNRAS 000, 1–9 (2018)
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Figure 2. B/T comparison between Illustris and the SAM catalogue, for the matched galaxy pairs, and in three stellar mass bins indicated by different color.
Upper left panel: one-to-one comparison between the SAM (B/T )S AM and the Illustris kinematics-based (B/T )kin. Vertical and horizontal dotted lines mark
the value of B/T = 0.6, which is used to separate LT and ET galaxies in the two methods. Numbers of galaxies included in each of the four rectangle regions
divided by the two dotted lines are presented, in the three mass bins shown by different colors. Bottom panel: the distributions of (B/T )S AM (normalized such
that the area below the curve is equal to 1). Right panel: the distributions of (B/T )kin for Illustris galaxies in different stellar mass bins.
For the Illustris LT galaxies, most of them are of the same
types in the SAM output with (B/T )SAM < 0.6. For the Illustris
ET galaxies, however, the degree of consistency is much lower, a
large fractions of their SAM counterparts have different types, es-
pecially for the “Less” and “MW” samples. A more quantitative
comparison is given in Table 2. For Illustris galaxies with a given
type determination defined light-based/ kinematics-based, Table 2
lists the percentile fractions of the matched galaxies in SAM that
have consistent type determination as the Illustris one according to
their (B/T )S AM, in different stellar mass bins.
From the numbers in Table 2 we see more clearly the consis-
tency between the two models depends on stellar mass. The con-
sistency of LT galaxies is very high for lower-mass galaxies, and
decreases to about 70 per cent in the most massive bin. For ET
galaxies the consistency depends much strongly on galaxy stellar
mass. Very small fraction of SAMgalaxies are also ET in the lowest
mass bin. In the most massive bin, the consistency is much better,
and reaches to more than 60 per cent.
Rodriguez-Gomez et al. (2017) studied recently the impor-
tance of mergers and halo spin in shaping galaxy morphology in
the Illustris hydrodynamical simulation. They found that mergers
play a dominant role in shaping the morphology of galaxies more
massive than 1011M⊙, while the morphology of the Milky Way-
mass galaxies shows little dependence on galaxy assembly history
or halo spin. Since mergers basically determine the morphology of
galaxies in the SAM model, this is consistent with our result that
most massive galaxies have similar morphology in the two meth-
ods, while for Milky Way-mass galaxies the consistency of early
type galaxies in the two methods is quite low.
4 CASE STUDY: COMPARISON OF GALAXY GROWTH
HISTORY
In order to investigate why some galaxy morphology types pre-
dicted by the Illustris and the SAM are inconsistent, we have com-
pared the detailed growth and merging histories of some Milky
Way-mass galaxies in the two models. We show below one of them
as an example and discuss our findings.
Fig. 4 shows the merging trees of the galaxy, which is LT in
Illustris (upper panel) but ET in the SAMmodel (lower panel). Rel-
atively bigger branches are labeled with numbers in the figure, and
these numbers in the upper and lower panels have one-to-one cor-
respondence between the two models. Sub-branch 5 in the upper
panel in Illustris corresponds to an “orphan” galaxy in the SAM
model and is therefore not included in the merger tree of the cen-
tral galaxy (the explanations of this point and other intrinsic differ-
ences between the merger trees of the two models can be found in
the Appendix).
In the SAM model, the main-branch galaxy is a pure disk
galaxy at early times. At lookback time of around 9 Gyr, a merger
with a satellite galaxy (sub-branch 1) happens (with the stellar
MNRAS 000, 1–9 (2018)
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Figure 3. (B/T )SAM distributions of the matched SAM galaxies, for LT (left panels) and ET (right panels) galaxies in Illustris, and in three mass intervals
(normalized such that the area below the curve is equal to 1). Upper panels are the results when morphology types in Illustris are defined light-based by
Xu et al. (2017), and lower panels are for types defined kinematics-based by Genel et al. (2015).
mass ratio of the merging galaxies to be 0.15) and builds a small
bulge component. A subsequent prominent merger with sub-branch
2 (merger ratio to be 0.18) continues to build the bulge component
obviously. At lookback time of around 6.3Gyr, a major merger with
sub-branch 3 (merger ratio to be 0.40) turns the galaxy into an el-
liptical with B/T=1. Since then, the galaxy remains as early-type
and does not build a significant disk component again.
In the hydrosimulation, the matched galaxy has similar merger
history as in the SAMmodel in general but not in details. For exam-
ples, the exact merging time, the mass ratio of the merging galax-
ies and the impact of mergers on the resulting galaxy morphology
differ. Initially the main-branch galaxy is a late-type galaxy and al-
most retains its morphology type all the way to redshift 0. Recall
that because of the major merger with sub-branch 3, its counter-
part in the SAM turns into an early-type. However this does not
happen to the matched galaxy in Illustris. Interestingly, the merger
with sub-branch 3 in Illustris has a mass ratio of 0.02, much smaller
than that in the SAM. This merger consequently only results in a
minor merger at the end and does not change the galaxy morphol-
ogy type. Indeed, mergers always have lower mass ratios in Illus-
tris when comparing with the SAM and so have smaller effect on
changing morphology, which can be clearly seen in Fig. 4.
In summary, by comparing the merger histories of this ex-
ample galaxy, we see that by construction, galaxy morphology
in the SAM model is closely related to mergers: the higher the
merger mass-ratio is, the more prominent the formed galactic bulge
is. When major mergers happen, the galaxy turns into early type
with B/T = 1. In the hydrosimulation, however, galaxy morphol-
ogy does not correlate with mergers as tightly as in the SAM
model. Even with several prominent mergers as shown above,
the galaxy can remain as late-type in Illustris. We have also ex-
amined and compared the merger histories of some other galax-
ies in the two models. We find that in the Illustris hydrody-
namical simulation, even when major mergers happen, galaxies
may not necessarily become bulge-dominant. The same fact has
been found in many previous studies of hydro-simulations (e.g.
Barnes 2002; Springel & Hernquist 2005; Governato et al. 2009;
Athanassoula et al. 2016; Eliche-Moral et al. 2018), although most
simulations still produce too massive bulges compared with real
spirals (Brooks & Christensen 2016; Athanassoula et al. 2016). On
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Figure 4. The merging trees for an example matched galaxy pair that is LT in Illustris (upper panel) but ET in the SAM model (lower panel). Galaxies with
total stellar mass greater than 108M⊙ are shown by circles with size proportional to log(Mstars), while less massive ones are shown by dots. The most left
symbols give the main branch of the progenitors. Color of each circle shows the B/T ratio of the galaxy, using (B/T )kin for Illustris galaxies in the upper panel
and for (B/T )kin for SAM galaxies in the lower panel. Progenitor and the descendant galaxies are linked by lines with the same color as the progenitor. Filled
circles are progenitors that are already in the main FOF group of the main branch progenitors, while open circles are the ones that are not yet into the group.
Red stars mark the major merger events where the ratio between stellar mass of the two merged galaxies is greater than 0.3, on the galaxies with smaller
stellar mass in the major mergers. Small red stars mark the major mergers where both merged galaxies have stellar mass less than 108M⊙. Large red stars are
for the major mergers where at least one merged galaxy has stellar mass greater than 108M⊙. Sub-branches marked with the same numbers have one-to-one
correspondence in the upper and lower panels. Sub-branch 5 in the upper panel in Illustris corresponds to an “orphan” galaxy in the SAMmodel, and therefore
is not included in the merger tree of the central galaxy in the lower panel.
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the other hand, galaxies can grow significantly without strong
mergers in Illustris, similar as the galaxies in sub-branch 2 and 4
in Fig. 4.
Another clear difference between the two models lies on the
mass of the satellite galaxies. In Illustris, the mass of a satellite de-
creases as it approaches/falls into the central galaxy 1, due to ram
pressure and/or tidal stripping. In the SAM, however, the satellite
stellar mass would not decrease, since the stellar component is as-
sumed to be at the innermost part of the galaxy and to be largely un-
affected when the outer dark matter/gas components get completely
stripped. As a result, Illustris has mergers with smaller mass ratios
and with satellites having more loosely bound mass. Therefore in
general less severe mergers are seen in Illustris than in the SAM
model.
5 DISCUSSION AND CONCLUSION
In this work, we compare galaxy morphology predicted by the hy-
drodynamical simulation Illustris and a semi-analytic model com-
bined with the Illustris-Dark simulation. Morphologies of Illus-
tris galaxies are determined based on the light profile as well as
the kinematic feature of galaxies, and morphologies of the semi-
analytic model galaxies are defined according to the bulge-to-total
stellar mass ratio. Our findings can be summarized as follows, and
are largely independent on the two different definitions of the mor-
phology type in Illustris.
Illustris galaxies change their morphologies from late-type to
early-type gradually during their evolution, with a wide and ex-
tended distribution of bulge-to-total mass ratio. For galaxies in the
SAM model, by definition, the formation of galactic bulges relates
closely to mergers, and results in a distribution of bulge-to-total
mass ratio concentrating on the low and very high mass ends.
For late-type galaxies in the hydro-simulation, more than 80%
of their counterparts in the SAMmodel have similar types at Milky
Way-mass scale and below; the fraction drops to ∼ 65 − 70% for
more massive galaxies. The consistency in galaxy morphology be-
tween the SAM and hydro-types are much poorer among early-
type galaxies. In particular, for early-type galaxies in the hydro-
simulation, the fractions of SAM counterparts that are also early-
types are remarkably low, which are less than ∼ 34% for galaxies
with mass comparable to or less than the Milky Way. For more
massive galaxies, the consistency rate rises to more than 60%.
In order to understand the causes of the difference between
hydro-simulation and the SAM model, we have compared in de-
tail the merger histories of some matched galaxies in the two mod-
els and show one example galaxy with inconsistent morphology
type. Two aspects of differences between the hydro- and SAMmor-
phologies are notable. Firstly, in SAM models, major mergers and
frequent minor mergers would result in the growth of bulges and
turn galaxies into early-types in a predominant fashion. In hydro-
simulations, however, bulge formation is not always as tightly con-
nected to mergers as it is in SAM: bulges can grow prominently
without strong merger events, and mergers with massive satellites
do not necessarily result in early-type morphology. Secondly, the
mass ratios of mergers in Illustris are much smaller than those
1 The dramatic decreasing of satellite stellar mass is partially due to the
assignment of mass in the halo finding method adopted in Illustris, where
most of the loosely bound matter residing in the FoF group is assigned to
the central galaxy rather than the satellite, as shown and discussed in Figure
3 of Rodriguez-Gomez et al. (2015).
in SAM because of different treatment of tidal stripping of stellar
component of satellite galaxy.
While we focus on comparing only galaxy morphology in
a hydro-simulation and a semi-analytic model, studies such as
Guo et al. (2016) and Mitchell et al. (2018) have done more de-
tailed comparison between the two methods. They both focused
on galaxy size rather than late/early type morphology as we do.
Guo et al. (2016) compared various galaxy properties predicted by
hydro-simulation and by two SAM models, and showed that dif-
ferent SAM models predict a bit different stellar mass - sizes re-
lations. Mitchell et al. (2018) gave a comprehensive analysis on
the different physics adopted in typical hydro-simulation and SAM
model. Note that in most SAM models as the one analysed in this
study, the formation of bulge component is mainly determined by
the treatment of merger-induced bulge growth, although in detail
how massive the bulge can be is also affected by the physics as-
sumed. In hydro-simulations, the bulge growth and general mor-
phology change should be more closely related to how the physics
are treated. Fontanot et al. (2015) have tested that when implemen-
tations similar as hydro-simulation are applied, i.e., when including
baryonic mass transfer between different components during merg-
ers, the efficiency of bulge formation through mergers would be
reduced in SAM.
With advanced numerical methods, how galaxies shape their
morphology of present day has been studied in various cosmolog-
ical hydro-simulations (Thob et al. 2018; Garrison-Kimmel et al.
2018; Rodriguez-Gomez et al. 2019), although tensions still re-
main in producing for example, the observed galaxy size and
the morphology-colour relation (Rodriguez-Gomez et al. 2019).
Trayford et al. (2019) studied galaxy morphology transition since
z=1 using EAGLE simulations, and found that for galaxies more
massive than 109M⊙, 60 per cent of the disc-to-spheroid morphol-
ogy transitions are not due to mergers. This is qualitatively consis-
tent with our result for Illustris that merger and morphology tran-
sition are not tightly correlated in hydro-simulations. Nevertheless,
some questions remain to be answered. For instance, it is not clear
yet why in hydrodynamical simulations mergers sometimes result
in bulge-dominant morphology and sometimes not. We will inves-
tigate these issues in detail in our future work.
ACKNOWLEDGMENTS
We thank Volker Springel for helpful comments, and Dylan Nelson
for providing videos of the merging histories of galaxies in Illus-
tris to help us understand the processes better. LW acknowledges
support from the NSFC grants program (No.11573031), and the
National Key Program for Science and Technology Research and
Development (2017YFB0203300). QG is supported by two NSFC
grants (Nos. 11573033, 11622325).
REFERENCES
Athanassoula E., Rodionov S. A., Peschken N., Lambert J. C., 2016, ApJ,
821, 90
Barnes J. E., 2002, MNRAS, 333, 481
Baugh C. M., 2006, Reports on Progress in Physics, 69, 3101
Binney J., Tremaine S., 1987, Galactic dynamics
Bottrell C., Torrey P., Simard L., Ellison S. L., 2017, MNRAS, 467, 2879
Brooks A., Christensen C., 2016, in Laurikainen E., Peletier R., Gadotti D.,
eds, Astrophysics and Space Science Library Vol. 418, Galactic Bulges.
p. 317 (arXiv:1511.04095), doi:10.1007/978-3-319-19378-6˙12
MNRAS 000, 1–9 (2018)
Comparing Galaxy morphology 9
Croton D. J., et al., 2006, MNRAS, 365, 11
Davis M., Efstathiou G., Frenk C. S., White S. D. M., 1985, ApJ, 292, 371
Dayal P., Ferrara A., 2018, Phys. Rep., 780, 1
De Lucia G., Blaizot J., 2007, MNRAS, 375, 2
Dolag K., Borgani S., Murante G., Springel V., 2009, MNRAS, 399, 497
Eliche-Moral M. C., Rodrı´guez-Pe´rez C., Borlaff A., Querejeta M., Tapia
T., 2018, A&A, 617, A113
Fontanot F., Maccio` A. V., Hirschmann M., De Lucia G., Kannan R.,
Somerville R. S., Wilman D., 2015, MNRAS, 451, 2968
Garrison-Kimmel S., et al., 2018, MNRAS, 481, 4133
Genel S., et al., 2014, MNRAS, 445, 175
Genel S., Fall S. M., Hernquist L., Vogelsberger M., Snyder G. F.,
Rodriguez-Gomez V., Sijacki D., Springel V., 2015, ApJ, 804, L40
Gonzalez-Perez V., Lacey C. G., Baugh C. M., Lagos C. D. P., Helly J.,
Campbell D. J. R., Mitchell P. D., 2014, MNRAS,
Governato F., et al., 2009, MNRAS, 398, 312
Guo Q., et al., 2011, MNRAS, 413, 101
Guo Q., et al., 2016, MNRAS, 461, 3457
Katz N., Weinberg D. H., Hernquist L., 1996, ApJS, 105, 19
Kauffmann G., White S. D. M., Guiderdoni B., 1993, MNRAS, 264, 201
Mitchell P. D., et al., 2018, MNRAS, 474, 492
Nelson D., et al., 2015, Astronomy and Computing, 13, 12
Rodriguez-Gomez V., et al., 2015, MNRAS, 449, 49
Rodriguez-Gomez V., et al., 2017, MNRAS, 467, 3083
Rodriguez-Gomez V., et al., 2019, MNRAS, 483, 4140
Schaye J., et al., 2015, MNRAS, 446, 521
Sijacki D., Vogelsberger M., Genel S., Springel V., Torrey P., Snyder G. F.,
Nelson D., Hernquist L., 2015, MNRAS, 452, 575
Springel V., 2005, MNRAS, 364, 1105
Springel V., Hernquist L., 2005, ApJ, 622, L9
Springel V., White S. D. M., Tormen G., Kauffmann G., 2001, MNRAS,
328, 726
Springel V., et al., 2005, Nature, 435, 629
Teklu A. F., Remus R.-S., Dolag K., Beck A. M., Burkert A., Schmidt A. S.,
Schulze F., Steinborn L. K., 2015, ApJ, 812, 29
Thob A. C. R., et al., 2018, arXiv e-prints,
Trayford J.W., Frenk C. S., Theuns T., Schaye J., Correa C., 2019, MNRAS,
483, 744
Vogelsberger M., et al., 2014a, MNRAS, 444, 1518
Vogelsberger M., et al., 2014b, Nature, 509, 177
Wang L., Li C., Kauffmann G., De Lucia G., 2006, MNRAS, 371, 537
White S. D. M., Frenk C. S., 1991, ApJ, 379, 52
White S. D. M., Rees M. J., 1978, MNRAS, 183, 341
Xu D., Springel V., Sluse D., Schneider P., Sonnenfeld A., Nelson D., Vo-
gelsberger M., Hernquist L., 2017, MNRAS, 469, 1824
APPENDIX A: INTRINSIC DIFFERENCES BETWEEN
GALAXY MERGING TREES IN THE TWO MODELS
When comparing merging trees for the matched galaxy pairs in Il-
lustris and in the SAMmodel, we note that there are more first pro-
genitors/galaxies (the galaxies that have no progenitors) and more
small branches in the merger tree of the galaxy in the Illustris than
in the SAMmodel, as shown in Fig. 4. Three possible reasons could
account for this.
Firstly, compared to hydrodyamical simulations, SAM galaxy
merging trees may miss some first galaxies due to finite tempo-
ral resolution recording the evolution of haloes/subhaloes. In the
SAM model we use, the stellar component is initialized only in
central halo when the halo is able to make stars at a recorded
time/snapshot, therefore neglecting star formation in some haloes
who may have grown and made stars between two adjacent snap-
shots but have become subhaloes at the recorded snapshot. The Il-
lustris galaxy merging history does not suffer from this issue.
Secondly, the SAMmodel comprises a population of “orphan”
galaxies (Wang et al. 2006) whose host subhaloes are tidally dis-
rupted due to finite numerical resolution. These “orphan” galaxies
have their own trees and thus are not included in the merger tree
of this central galaxy at z=0 in the SAM result. While the Illustris
simulation does not have the “orphan” galaxy population, the nu-
merically “overmerging” galaxies are included in the merger tree.
An example of “orphan” galaxy not included in the merger tree of
the central galaxy in the SAM is seen in Fig. 4 (sub-branch 5 in the
upper panel).
Apart from the two main points above, due to intrinsic dif-
ference of the two simulations, and also the different SubLink and
LHaloTree trees used as described in section 2.1, there also ex-
ists some differences between the Illustris and the Illustris-Dark
(sub)halo merger trees, of which the latter is the input of the SAM
model.
This paper has been typeset from a TEX/LATEX file prepared by the author.
MNRAS 000, 1–9 (2018)
